ABSTRACT -This study investigates the effects of lysine-induced acute renal failure. Female dogs received a lysine hydrochloride (lysine) of 4500 mg/kg/day (3.75 ml/kg/hr) for 3 consecutive days. The dogs were observed for clinical signs. Body weights were recorded, food consumption and water consumption calculated, and urinalysis and blood biochemistry were performed daily. Plasma samples for amino acid determinations were obtained from all dogs, which were necropsied on Day 3. Histopathological examinations were done on all test animals. Compound-related findings include the following. Blood biochemistry results showed increases in ammonia, blood urea nitrogen, blood urea nitrogen/creatinine ratio, and creatinine. Urinary changes consisted of increases in urine volume, total protein, albumin, γ-glutamyl transpeptidase, and N-acetyl-β-D-glucosaminidase. In addition, macroscopic findings consisted of pale, congested capsule; microscopic findings consisted of hypertrophy of proximal convoluted tubule (mainly S1 segment), and degeneration/desquamation of urinary tubule (mainly S3 segment with hyaline casts) in the kidney. From these findings, it can be concluded that lysine is nephrotoxic in dogs. Nephrotoxicity of lysine may relate to direct tubular toxicity and to tubular obstruction.
INTRODUCTION
Lysine was first isolated in 1889 from a milk byproduct. The structure was elucidated in 1902 and the compound synthesized. Lysine as an essential amino acid for growth in humans was shown in 1949 (Zweig, 1973) . From amino acid toxicity, increased blood urea nitrogen (BUN) and ammonia will result in a few days (Hayashi et al., 1992; Horio and Orita, 1999; Ikeda et al., 1995) . Although it was found that administration of amino acid causes an increase in BUN transiently, this change is unrelated to acute renal failure and considered to show that the promotion of the urea cycle was observed as an action of amino acid (Sanjo et al., 1991) . However, substantial research on lysine was carried out by an animal experiment that used rats, and there are almost no experiments using dogs. In fact, it has been reported that amino acid induced acute renal failure in rats (Malis et al., 1984; Racusen et al., 1985a Racusen et al., , 1985b Zager and Venkatachalam, 1983; Weinberg, 1990) . In particular, lysine-induced acute renal failure was reported in rats. In addition, there have been two reports showing lysine-induced acute renal failure in dogs. Although Gougoux et al. (1978) reported that the glomerular filtration rate (GFR) was decreased by 3 hr of lysine infusion in dogs; this was not a morphology study. Newburgh and Marsh (1925) also reported lysine-induced acute renal failure in dogs; urine casts appeared in 3 urine specimens and granular degeneration of epithelium in convoluted tubules as morphologic changes was observed following 48 hr of lysine infusion. However, the details were not reported and other examinations (urinalysis, blood biochemistry, and pathological examination) were not performed in either of these reports. In addition to the saline as control, in this study, Morihepamin as an amino acid solution was used for comparison with lysine. In this study, in order to distinguish change produced according to kidney obstructions and change observed by amino acid infusion relevant to change observed by lysine, the Morihepamin group was set up. The purpose of this investigation was to evaluate the effects of lysine-induced acute renal failure in dogs from a general toxicity examination (clinical signs, food consumption, water consumption, body weights, urinalysis, blood biochemistry, plasma amino acid concentration, autopsy and histopathology).
MATERIALS AND METHODS

Animals and housing conditions
Twelve 7-month-old female dogs (Beagle/CSK) obtained from CSK Research Park Co., Ltd. (Suwa, Japan) were used in this study. The dogs were housed one per cage and acclimatized in the animal facility for at least one week before use and were maintained during the study in standard conditions (12-hr light/12-hr dark cycle, 22 ± 2°C temperature, and 55 ± 10% relative humidity). Animals were fed a CD−5 pellet diet (CLEA Japan, Inc., Shizuoka, Japan) at 250 g/day/dog and tap water ad libitum. All procedures associated with this study were received and approved by the Institutional Animal Care and Use Committee and were performed according to the Guide for the Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources.
Chemicals
Lysine hydrochloride was purchased from Ajinomoto Co., Inc. (Tokyo, Japan). Dosing solutions of lysine hydrochloride were dissolved in water for injection (Otsuka Pharmaceutical Factory Inc., Tokushima, Japan) at concentrations of 62.45 mg/ml under sterile conditions. Morihepamin (total amino acid solution for injection) was purchased from Ajinomoto Pharma Co., Ltd. (Tokyo, Japan). The composition of Morihepamin is given in Table 1 . Saline solution was purchased from Terumo Corporation (Tokyo, Japan).
Surgery
The dogs used in this study underwent the standard acclimatization period for one week at our animal facility before surgery. The dogs were then preanesthetized with 0.05 mg/kg atropine sulfate (Tanabe Seiyaku Co., Ltd., Osaka, Japan), and anesthetized with 30 mg/ kg pentobarbital sodium (Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) given intramuscularly and intravenously, respectively. All subsequent procedures were performed using standard aseptic surgical techniques. An indwelling 6-French polyurethane catheter (0.6-mm ID × 0.9-mm OD, Toray Industries, Inc., Tokyo, Japan) and medical grade silicone tubing (2-mm ID × 4-mm OD, Norton Co., Akron, OH, USA) were implanted into the posterior vena cava by introduction through a femoral vein and then threaded under the skin to exit from the dorsal neck region. A jacket placed around the thorax of the animal covered the exit site of the catheter in the nape of the neck. The exposed catheter was protected with a tether (Lomir Biomedical Inc., Canada) and swivel (Lomir Biomedical Inc.). The swivel was mounted in the door of the cage. The swivel was then connected via silicone tubing (2-mm ID × 4-mm OD, Norton Co.), with an infusion line (Terumo Corporation) to a 0.22 µm filter (Millipore Japan Co., Ltd., Tokyo, Japan), which was connected to an infusion bag. The implanted dogs were maintained on continuous infusion with sterile saline (Terumo Corporation) at a rate of 10 ml/body/hr using an infusion pump (TE−171, Terumo Corporation) until termination.
As post-operative treatment, povidone iodine (Meiji Seika Kaisha, Ltd., Tokyo, Japan) was applied on wound surfaces once daily and the animals were treated with 5 mg/kg orbifuloxacin (Dainippon Pharmaceutical Co., Ltd.) given intramuscularly twice daily for 2 days after surgery.
Experimental design
Following the 14-day recovery period after surgery, the dogs were divided according to body weight into three different treatment groups with 4 dogs in each group on Day −1. The animals in the saline group (Animal Nos. 1−4) were infused with a saline (pH 6.34, 283 mOsm) at 3.75 ml/kg/hr. The animals in the lysine group (Animal Nos. 9−12) were infused with a solution of 62.45 mg/ml lysine hydrochloride (pH 5.85, 619 mOsm) at a rate of 3.75 ml/kg/hr. The animals in the Morihepamin group (Animal Nos. 5−8) were infused with 75 mg/ml of Morihepamin (pH 7.23, 743 mOsm) at a rate of 2.50 ml/kg/hr. For all groups, the duration of infusion was 72 hr at a constant rate using an infusion pump (TE-171, Terumo Corporation). A high dose of L-lysine (1682 mg/kg/4 hr infusion) induced compound-related acute renal failure in rats (Racusen et al., 1985b) . Our feasibility study results in dogs indicated that high-dose amino acid infusion (4500 mg/kg/day) could cause an increase in BUN and ammonia from Day 3 after the start of infusion. Therefore, dose, dose concentration, dosing volume and dosing speed of lysine and Morihepamin were set similar to our feasibility study in dogs.
Clinical signs, body weights, food and water consumption
Clinical signs, body weights, and food and water consumption for all dogs were monitored daily.
Urinalysis
Urine specimens were collected over a period of 24 hr on Days 1, 2, and 3, stored on ice, and used for the following analyses. Daily urine weight and specific gravity were measured using an electronic balance (Shimadzu Corp.) and a urinometer (Atago Co., Ltd.), respectively, and used to calculate the 24-hr urine volume (ml/day). The urinary concentrations and method of analysis of total protein (TP) (pirogar-red), albumin (ALB) (immuno-mix), N-acetyl-β-D-glucosaminidase (NAG) (MCP-NAG), leucine aminopeptidase (LAP) L-leucyl-p-nitroanilide) and γ-glutamyl transpeptidase (G-GTP) (γ-glutamyl-CPA substrate) were measured using a 7170 auto-analyzer (Hitachi Ltd., Tokyo, Japan).
Blood biochemistry
Blood biochemistry analyses were performed on Days −5, 1, 2, and 3. Blood samples of 5 ml of nontreated blood and 2 ml of EDTA/2NA blood were collected from the cephalic vein of each dog after an overnight fast. Non-treated blood samples were allowed to stand for 30 min at room temperature, centrifuged (1870 × g, 4°C, 10 min), and the separated serum stored at −80°C. EDTA/2NA blood samples were stored on ice, centrifuged (1870 × g, 4°C, 10 min), plasma separated, and ammonia measured immediately. Separated samples were used for the following analyses and methods.
BUN (u rea se -GL DH), cr eati nin e ( CR N ) (enzyme), ammonia (enzyme), TP (Biuret's), and ALB (BCG) were determined using a Hitachi 7170 autoanalyzer (Hitachi Ltd.). The BUN/CRN ratio and Alb/ globulin ratio were calculated.
Determination of plasma amino acid concentration
Plasma amino acid concentration was measured on Day 3. Blood samples for the determination of plasma amino acid concentration were obtained from 4-dogs/sampling point on Day 3 in each group. Blood samples of 2 ml were collected into heparinized syringes from the cephalic vein and put on ice and then centrifuged (1900 × g, 4°C, 10 min). The resulting plasma samples were immediately frozen at −30°C and kept frozen pending quantification of plasma amino acid. After deproteinization by sulfosalicyclic acid, plasma amino acids were analyzed using a high-speed amino acid analyzer (Hitachi Ltd.). All endogenous and exogenous amino acids were measured.
Pathology
On Day 3, all dogs were euthanized by exsanguinations under general anesthesia with pentobarbital sodium (Dainippon Pharmaceutical Co., Ltd.), autopsied and kidney weight measured using an electronic balance (Shimadzu Corp.). The relative organ weight of the kidney per 100 g final body weight was calculated. The kidney was then fixed in 20% neutral buffered formalin. The fixed organ was embedded in paraffin, sectioned, double-stained with hematoxylin-eosin and examined under a light microscope.
Statistical analysis
Statistical analysis was performed using SAS preclinical package software (SAS version 8.2, SAS Institute Japan Inc., Tokyo, Japan). Parametric data such as body weight, food consumption, water consumption, urinalysis, blood biochemistry and organ weights were analyzed by the F test (Snedecor and Cochran, 1967) . When homogeneity was observed, the Student's t-test (Steel and Torrie, 1980) was conducted and, when not found, the Aspin−Welch's t test (Snedecor and Cochran, 1967) was performed. A value of p < 0.01 or 0.05 was considered to be statistically significant.
RESULTS
Clinical signs, body weights, food and water consumption
The results of clinical signs and food and water consumption are given in Table 2 and Fig. 1 . In the lysine group, vomiting was observed in all animals from Day 1 or 2; constipation and decrease of stool were observed in all animals from Day 2 or 3; decrease of locomotor activity was observed in all animals on Day 3. No abnormalities in the observation of clinical signs were observed in any of the animals in the saline or Morihepamin group.
The body weights (mean ± S.D.) at the start of experiment (Day −1) were 9.5 ± 1.0 kg in the saline group, 9.3 ± 0.4 kg in the Morihepamin group, and 9.3 ± 0.3 kg in lysine group. At the end of the experiment (Day 3) the body weights were 10.0 ± 1.2 kg, 10.1 ± 0.3 kg, and 9.0 ± 0.4 kg, respectively. No statistically significant changes were observed in body weights of any one group.
No s tatistically significant changes were observed in the food consumption of any of the groups.
Individually, food consumption decreased in all animals on Day 2 in the lysine group. Moreover, none of the food supplied on Day 3 was consumed in the lysine group. No statistically significant change was observed in water consumption in all groups; however, water consumption clearly increased in all animals on Days 2 and 3 in the lysine group.
Urinalysis
Urinalysis results are summarized in Fig. 2 . In the lysine group, urine volume increased to 2462 ± 363 ml/ day on Day 2 and 4179 ± 1506 ml/day on Day 3. In the saline group, urine volume on Days 2 and 3 were 897 ± 274 and 854 ± 97 ml/day, respectively. Urine specific gravity on Day 1 for the lysine group was 1.025 ± 0.004 and for the saline group, 1.014 ± 0.001.
In the lysine group, TP increased to 34.5 ± 20.9 mg/dl on Day 1 and to 78.3 ± 46.2 mg/dl on Day 2. In the saline group, TP on Days 1 and 2 were 0.8 ± 0.6 and 0.2 ± 0.3 mg/dl, respectively. Although there were no significant differences, in the lysine group, TP increased to 46.7 ± 70.4 mg/dl on Day 3 compared with the saline group (0.1 ± 0.3 mg/dl), ALB increased to 206 ± 173, 338 ± 394, and 277 ± 552 µg/ml from Day 1 through Day 3 compared with the saline group (4 ± 1, 5 ± 2, and 1 ± 2 µg/ml). In the lysine group, G-GTP increased to 29.8 ± 9.5 IU/l on Day 1 compared with the saline group (5.7 ± 2.1 IU/l), and NAG increased to 7.21 ± 1.91 U/l on Day 1 and 4.88 ± 0.88 U/l on Day 2. In the saline group, NAG on Days 1 and 2 were 1.52 ± 0.19 and 1.40 ± 0.54 U/l, respectively.
In the M orihepamin group, urine volume decreased to 500 ± 104 ml/day on Day 2 and 486 ± 71 ml/day on Day 3, urine specific gravity increased to 1.028 ± 0.004 on Day 2 and 1.028 ± 0.004 on Day 3, and NAG increased to 2.66 ± 0.40 U/l on Day 3. No abnormality was observed in LAP in any of the groups. Table 3 summarizes the blood biochemistry data. In the lysine group, there was increased BUN from (n = 4). *p<0.05 or **p<0.01; significant difference between the saline group and Morihepamin or lysine group.
Blood biochemistry
Day 1 to Day 3, increased ammonia from Day 1 to Day 2, increased CRN from Day 2 to Day 3, an increase in the BUN/CRN ratio on Days 1 and 3, and a decrease in the albumin/globulin ratio on Day 3 in the lysine group. In the Morihepamin group, an increase in the BUN/CRN ratio from Day 1 to Day 3 and increased BUN from Day 1 to Day 3 was observed. No abnormality was observed in the saline group.
Determination of plasma amino acid concentration
Results of amino acid concentration in plasma are summarized in Table 4 , compared to the base values of the saline group. In the Morihepamin group, compared with the saline group, more than a two-fold increase in proline, valine, isoleucine, leucine, ornithine, and arginine was observed. In the lysine group, the lysine concentration was 3365 ± 1463 µg/ml on Day 3 and was about 140 times the lysine concentra- tion in plasma of the saline group. Moreover, in the lysine group and compared with the saline group, more than a two-fold increase in threonine, serine, glutamine, glycine, citrulline, leucine, ornithine, histidine, and arginine were observed.
Pathology
Results of the microscopic findings are summarized in Table 5 and shown in Photo 1. In the lysine group, compound-related macroscopic findings were limited to a pale color in one animal, congestion in capsule in two animals, a dark red area in lung bronchi of all animals, insufficient retraction in lung bronchi of two animals, foamy substance in trachea of one animal, clot in heart of three animals, dark red area and recessed area in the funds of stomach mucosa of one animal, yellowish area in liver of three animals, atrophy in thymus of all animals, and dry subcutaneous tissue of two animals. In the Morihepamin group, no compound-related macroscopic findings were observed.
The Morihepamin group showed an increase in the absolute kidney weight at the end of the infusion period. No abnormal changes were observed in absolute kidney weight of the saline or lysine group. However, in the lysine group, a non-significant increase was observed individually.
In histopathology, hypertrophy of the proximal tubule (mainly the S1 segment) was observed in two animals of the Morihepamin group. Hypertrophy of the 12.5 ± 1.6 12.4 ± 1.5 12.3 ± 1.6 Day −5 Blood urea nitrogen/creatinine ratio 17.6 ± 1.5** 31.6 ± 3.3** 11.2 ± 1.9 Day 1 22.1 ± 6.9 34.8 ± 4.0** 12.9 ± 3.7 Day 2 19.9 ± 1.8** 36.1 ± 2.3** 11.6 ± 1.9 Day 3 31 ± 8 20 ± 9 19 ± 12 Day −5 Ammonia (µg/dl) 59 ± 12* 36 ± 13 32 ± 14 Day 1 104 ± 26** 31 ± 6 28 ± 8 Day 2 258 ± 128 53 ± 33 25 ± 5 Day 3 6.32 ± 0.28 6.26 ± 0.26 6.41 ± 0.45 Day −5 Total protein (g/dl) 6.40 ± 0.30 6.17 ± 0.18 6.16 ± 0.41 Day 1 6.76 ± 0.73 6.00 ± 0.21 6.26 ± 0.33 Day 2 6.36 ± 0.28 6.08 ± 0.14 6.18 ± 0.33 Day 3 3.23 ± 0.14 3.27 ± 0.17 3.32 ± 0.16
3.30 ± 0.21 3.28 ± 0.04 3.24 ± 0.20 Day 1 3.42 ± 0.18 3.22 ± 0.04 3.29 ± 0.14 Day 2 3.12 ± 0.06 3.29 ± 0.04 3.27 ± 0.24 Day 3
1.06 ± 0.12 1.10 ± 0.11 1.09 ± 0.12 Day −5 Albumin/globulin ratio 1.07 ± 0.11 1.14 ± 0.07 1.11 ± 0.08 Day 1
1.04 ± 0.14 1.16 ± 0.10 1.11 ± 0.06 Day 2 0.97 ± 0.08* 1.18 ± 0.08 1.12 ± 0.07 Day 3 Values are the mean ± S.D. (n = 4). Day −5: 5 days before start of infusion; Day 1: 1 day after start of infusion; Day 2: 2 days after start of infusion; Day 3: 3 days after start of infusion. *p<0.05 or **p<0.01; significant difference between the saline group and Morihepamin or lysine group. proximal tubule (mainly the S1 segment), and degeneration or desquamation of the urinary tubule with hyaline casts (mainly the S3 segment) was observed in all animals of the lysine group. Infusion-related histopathological findings include degeneration/regeneration of the proximal tubule (mainly the S1 segment) in one animal of the Morihepamin group.
DISCUSSION
Lysine is the only essential amino acid that has been reported to induce acute renal failure in rats (Malis et al., 1984; Racusen et al., 1985a Racusen et al., , 1985b Zager and Venkatachalam, 1983; Weinberg, 1990) . This is the first report including tox- Table 4 . Plasma amino acid concentration. proximal tubules from the saline group (×400) (B). Proximal tubules from the Morihepamin group, most tubules are abnormality dilated (×100) (C), proximal tubule (mainly S1 segment) shows hypertrophy and degeneration or regeneration changes (×400) (D). Urinary tubules from the lysine group (×100) (E), urinary tubule (mainly S3 segment) shows degeneration or desquamation changes and hyaline casts are seen in the urinary tubules (×400) (F).
icological evaluations concerning lysine-induced acute renal failure in dogs.
In this study, animals in the lysine group had severe clinical signs (vomiting, decreased locomotor activity, body weight, and food consumption, increased water consumption), suggestive of hyperammoniemia. Lysine may affect catabolism, as shown by the severe increase in BUN, CRN, and ammonia from Day 1. It was reported that lysine induced an inhibitory effect on the urea cycle in normal volunteer subjects (Kato et al., 1987) . Lysine is known to be a powerful competitive antagonist to arginine (O'Dell and Savage, 1966; Kato et al., 1987) , to inhibit liver arginase activity (Cittadini et al., 1964) , and to increase the liver arginine concentration (Statter and Russell, 1978) . Here, the lysine concentration in plasma was 3365 mg/ml (mean value) and was approximately 140 times higher than that of the saline group. Moreover, the plasma concentration of arginine, ornithine, and citrulline increased in the lysine group, reflecting inhibited arginase activity. Therefore, the major mechanism of the lysine-induced hyperammoniemia in this study may be related to the inhibitory effect of lysine against arginase activity in the urea cycle.
Similarly, in this study, infusion of lysine for three consecutive days increased the urinary TP and ALB. Lysine also increased urinary G-GTP (Day 1) and NAG (Days 1 and 2). It has been reported that lysine induces albuminuria . Urinary G-GTP (Greco et al., 1985; Rivers et al., 1996) and NAG activities Nakamura et al., 1983) are thought to be sensitive and reliable markers for acute tubular damage in dogs, and are the origin of proximal convoluted tubule epithelium cell (Clemo, 1998; Sugita and Yakata, 1999; Yamada and Yakata, 1999) . These findings suggest that lysine-induced urinary tubule obstruction may occur in the proximal convoluted tubule epithelium.
Lysine induced urinary tubule obstruction with moderate lesion of degeneration or desquamation with hyaline casts (mainly the S3 segment) in this study. Tubular damage in rats (flattening of renal tubular cells and brush border, proximal tubular cell vacuolization, and isolated tubular cell necrosis) was observed in a previous report (Zager and Venkatachalam, 1983) . The mechanism of lysine-induced acute renal failure is considered a result of lysine producing a decrease in renal blood flow and thus causing urinary tubular obstruction (Racusen et al., 1985a) . Moreover, Racusen et al. (1985b) demonstrated that lysineinduced urinary tubule necrosis was the earliest pathologic change (intratubular proteinaceous debris, desquamation of individual tubular epithelial cells, hyaline casts, and tubular regeneration) indicating acute lysine infusion in rats. Therefore, mechanisms of lysine-induced tubular obstruction in dogs may be related to renal dysfunction since pathological changes occur similar to those in rats (Racusen et al., 1985b; Zager and Venkatachalam, 1983) .
We considered as follows that the hyperammoniemia was not observed in the Morihepamin group. Morihepamin is an amino acid injection for hepatic insufficiency, and the feature of the amino acid composition of Morihepamin is the point of increasing the quantity of the arginine content which promotes ammonia metabolism, and decreasing the quantity of ammonia original nature amino acid. The amino acid in plasma on Day 3 after the start of infusion showed the pattern that reflected amino acid composition of Morihepamin (Table 4 ). In the Morihepamin group, the plasma amino acid concentration had two-fold increases compared with the saline group that had increased proline, valine, isoleucine, leucine, and arginine. These results that were considered compoundrelated changes showed similar profiles of plasma amino acid concentration in dogs and normal volunteer subjects (Amino et al., 1990; Sanjo et al., 1991) . Although the two-fold increase in plasma concentration of the arginine and ornithine compared with the saline was observed in the Morihepamin group, these changes are not related changes accompanied by an increase in ammonia. The increase in arginine was considered to reflect the amino acid composition of Morihepamin, but the details were unknown although it was considered that the increase in ornithine was caused when Morihepamin activated the urea cycle in the liver. Therefore, the hyperammoniemia was not observed in the Morihepamin group, since the pharmacological effect of Morihepamin has a potent ammonia lowering action in the plasma and brain, and that the effect of this solution on ammonia metabolism may occur via the activation of the urea cycle system in the liver (Kokuba et al., 1990 ). An increase in BUN in the Morihepamin group demonstrated non-related changes of acute renal failure because urinary tubule obstruction was not observed in the urinalysis and histopathology of the Morihepamin group. Hypertrophy of the urine tubule epithelium in the Morihepamin group was not similar to the severe changes of lysine-induced kidney obstruction. A slight increase in urinary NAG was observed in the Morihepamin group, with a higher concentration on Day 3 after the start of infusion compared with the saline group. However, since the change was slight and almost comparable to pre-infusion values for each group, it is considered a change unrelated to kidney damage.
First, the results obtained in this study demonstrated that lysine-induced acute renal failure produced changes in the parameters (BUN, CRN, Urinary G-GTP, NAG, TP, and ALB) in dogs. Moreover, lysineinduced urinary tubule obstructions were found in the S3 segment of the proximal convoluted tubule in the kidney. We conclude that lysine is nephrotoxic in dogs. The nephrotoxicity of lysine may be directly related to tubular toxicity and tubular obstruction in dogs. Second, the lysine-induced hyperammoniemia was observed as the toxicity of the high-dose lysine infusion in dogs. The lysine prevents urea formation in the urea cycle by inhibiting arginase, with a corresponding increase in ammonia formation, and causes the hyperammoniemia. These results demonstrated that monitoring of the nephrotoxicity-related biomarkers is important by long-term clinical use of lysine.
